Attorney Docket No. SEM4492P1260US Express Mail Label No. EL 902647517 US 

Corporate Docket No. P01-0006 

-1 - 



TITLE OF THE INVENTION 

AUTOMATED CHEMICAL MANAGEMENT 
SYSTEM EXECUTING IMPROVED ELECTROLYTE ANALYSIS METHOD 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is a continuation-in-part of USSN 09/387,084, filed 08/31/1999, titled 

"Methods and Apparatus for Controlling and/or Measuring Additive Concentration in an 

Electroplating Bath", which is a continuation of PCT/US99/09659, filed 05/03/1 999, titled "Methods 

and Apparatus for Controlling and/or Measuring Additive Concentration in an Electroplating Bath", 

both of which are herby incorporated by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
Not Applicable 

BACKGROUND OF THE INVENTION 
One technology that is rapidly coming to the forefront for the formation of microelectronic 

devices and components is electrochemical deposition, which includes both electroplating and 

electroless plating of metal to form microelectronic features on a microelectronic workpiece. 

Though electrochemical deposition has long been employed as a fundamental step in fabrication of 

multilevel printed circuit boards, application of electrochemical deposition to fill sub-micron 
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interconnect features is relatively recent and poses further additional problems, including the need 
for more stringent control of the electrolyte bath composition. 

Electrochemical deposition is a complex process involving multiple ingredients in the 
electrolytic bath. If the electrolytic bath is to provide high-quality deposited films (blanket or 
patterned) on the surface of the substrate, the concentration of several of the constituents of the bath 
should be maintained. As such, the ability to monitor and control the composition of the bath is one 
of the important factors in ensuring uniform and reproducible film properties. In semiconductor and 
microelectronic component applications, the electronic and morphological properties of the metal 
films are of principal importance in determining final device performance and reliability. The 
stability of later microfabrication processes in the manufacturing sequence likewise frequently 
depends on repeatable mechanical properties, including modulus, ductility, hardness, and surface 
texture of the deposited material. All of these deposit properties are controlled or strongly influenced 
by the composition of the electrolytic bath. 

Measurement and control of proprietary organic compounds that serve to modify the deposit 
properties through adsorption onto and desorption from the cathode surface during, for example, 
electroplating, are important since they affect the diffusion rate of metal cations to nucleation and 
growth sites. These compounds are typically delivered as multi-component packages from chemistry 
vendors. One of the functions of the additive packages is to influence the throwing power of the 
electroplating bath: the relative insensitivity of plating rate to variations in cathodic current density 
across the wafer or in the vicinity of surface irregularities. The throwing power of the electrolyte has 
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an effect on the cross-wafer uniformity of deposited film thickness and the success with which 
ultrafine trenches and vias (holes) are filled without included seams or voids. Organic additives have 
also been shown to have substantial effects on mechanical film properties. Detection and 
quantification of these bath constituents is complicated by the fact that they are effective at very low 
concentrations in the electrolyte, for example, at several ppm or less. 

Bath analysis for microelectronic applications is strongly driven by the need to limit 
variability and maintain device yields through maintenance of optimized process parameters. One 
method for controlling such ingredients in an electroplating bath is to make regular additions of 
particular ingredients based upon empirical rules established by experience. However, depletion of 
particular ingredients is not always constant with time or use. Consequently, the concentration of the 
ingredients is not actually known and the level in the bath eventually diminishes or increases to a 
level where it is out of the acceptable concentration range. If the additive content concentration 
deviates too far from the target value, the quality of the deposit suffers and the deposit may be dull in 
appearance and/or brittle or powdery in structure. Other possible consequences include low 
throwing power and/or plating folds with bad leveling. Accordingly, further evaluation techniques 
maybe used instead of or in an addition to the more conventional empirical techniques. 

One method for evaluating the quality of an electroplating bath is disclosed in Tench U.S. 
Pat. No. 4,132,605 (hereafter the Tench patent). In accordance with the procedures of the Tench 
patent, Figure 1 of which is illustrated here, the potential of a working electrode 10 is swept through 
a voltammetric cycle, including a metal plating range and a metal stripping range, for at least two 
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baths of known plating quality and an additional bath whose quality or concentration of brightener is 
to be evaluated. The integrated or peak current utilized during the metal stripping range is correlated 
with the quality of the bath of known quality. The integrated or peak current utilized to strip the 
metal in the bath of unknown quality is compared to the correlation and its quality evaluated. In a 
preferred embodiment of said patent, the potential of an inert working electrode 10 is swept by a 
function generator through the voltammetric cycle. An auxiliary electrode 20 immersed in the 
plating bath is coupled in series with a function generator and a coulometer to measure the charge 
from the working electrode 10 during the stripping portion of the cycle. 

An improvement to the method disclosed in the Tench patent is described by Tench and 
White, in the/. Electrochem. Soc, "Electrochemical Science and Technology", April, 1985, pp. 831- 
834 (hereafter the Tench publication). In accordance with the Tench publication, contaminant 
buildup in a copper plating bath affects the copper deposition rate, and thus interferes with brightener 
analysis. The Tench publication teaches a technique that involves sequentially pulsing the electrode 
between appropriate metal plating, metal stripping, cleaning, and equilibrium potentials whereby the 
electrode surface is maintained in a clean and reproducible state. The method set forth in that 
publication is in contrast to the continuous sweep cycle utilized in the above-referenced patent. 
Stated otherwise, whereas the process of the Tench patent involves a continuous voltammetric sweep 
between about -600 mV and + 1 ,000 mV versus a working electrode and back over a period of about 
1 minute, the Tench publication pulses the potential, for example at -250 mV for 2 seconds to plate, 
+ 200 mV for a time sufficient to strip, + 1,600 mV to clean for several seconds, + 425 mV for 5 
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seconds to equilibrate, all potentials referenced to a saturated Calomel electrode. After the 
foregoing, the cycle is repeated until the difference between successive results are within a 
predetermined value range, for example, within 2% of one another. 

Although the procedure of the Tench publication provides some improvement over the 
procedure of the Tench patent, the present inventor has recognized several areas that need 
improvement. For example, neither of the foregoing methods suitably address the measurement of 
individual constituents of electrochemical baths having two or more constituents. 
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BRIEF SUMMARY OF THE INVENTION 
A method for determining the concentration of an additive X of an electrochemical bath that 

includes at least one further component Y is set forth. In accordance with the method, a 

predetermined amount of a starting solution is provided. The starting solution comprises virgin 

makeup solution that is saturated with the further additive, or forms a mixed solution that is saturated 

with the further additive when combined with an amount of the electrochemical bath for 

measurement that is extracted for measurement. A predetermined amount of the extracted 

electrochemical bath is then added to the predetermined amount of the starting solution to form the 

mixed solution. At least one electroanalytical measurement cycle it is then executed using the mixed 

solution and the results of the measurement cycle are compared with a known measurement standard. 

The teachings associated with the foregoing method may be used to implement a 

corresponding method in an automatic analysis and dosing system. More particularly, a method for 

determining the amount of an electrochemical bath additive that is to be automatically added to an 

electrochemical bath by the dosing system is also set forth. In accordance with this method, the 

amount of the electrochemical bath additive that is to be added it is dependent on a measurable value 

related to an amount of a component X in the electrochemical bath that is to be measured. As above, 

the electrochemical bath also includes at least one further component Y. The automatic analysis and 

dosing system is programmed to provide a predetermined amount of a starting solution that is 

comprised of virgin makeup solution that is saturated (or otherwise — see above) with the further 

component Y. An amount of the electrochemical bath is then automatically extracted for 

measurement and a predetermined amount of the extracted electrochemical bath is automatically 
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added to the predetermined amount of the starting solution to form a mixed solution that is 
substantially saturated with the further component Y. At least one electroanalytical measurement 
cycle is then executed using the mixed solution and the results of the electroanalytical measurement 
cycle are used to determine the amount of additive that is to be dispensed by the dosing system. 
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

Figure 1 is an illustration of the basic components of an electrochemical cell that maybe used 
to implement one or more of the disclosed electroanalytical methods in accordance with the 
teachings of the present invention. 

Figure 2 is a flowchart illustrating a process sequence used to analyze an electrolytic bath in 
accordance with one embodiment of the present invention. 

Figure 3 is a flowchart illustrating a further process sequence used to analyze an electrolytic 
bath in accordance with a further embodiment of the present invention. 

Figure 4 is a graph illustrating experimental results obtained using a process sequence 
derived from the flowchart of Figures 2 and 3. 

Figure 5 is a schematic block diagram of one embodiment of an analysis and dosing system 
that that may be used to implement the processes of Figures 2 and 3 . 
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DETAILED DESCRIPTION OF ONE OR MORE 
EMBODIMENTS OF THE INVENTION 

In order to comprehend the context of the present invention, an understanding of the various 
techniques suitable for analyzing an electroplating bath is helpful. To this end, a description of 
certain bath analysis techniques are set forth. 

A major category of analysis suitable for monitoring an electroplating bath is electroanalysis. 
Electroanalytical methods use electrically conductive probes, called electrodes, to make electrical 
contact with an electrochemical bath that is to be analyzed. Such electrochemical baths are used, for 
example, to electroplate a metal or the like onto the surface of a microelectronic workpiece. The 
electrodes are used in conjunction with electronic devices to which they are attached to provide 
electrical energy to a sample extracted from the bath and measure a corresponding electrical 
parameter response of the sample to the electrical energy. The measured parameter, in turn, is 
indicative of the type and/or quantity of additives in the electrochemical bath. 

Faradaic electroanalysis is attractive as an investigative analytical method principally because 
what is studied is the electrochemical activity of the bath sample under applied electrical stimulus; 
the measured responses are related in a fundamental way to the properties that influence the quality 
of the metal deposition process itself. Electroanalysis further offers the opportunity to study the 
mechanisms and kinetics of the plating process, and the influences that various electrochemical bath 
components exert on plating rate suppression and acceleration. 
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Generally stated, electroanalytical methods are divided into categories according to the 
electrical parameters that are measured. The major electroanalytical methods include potentiometry, 
amperometry, conductometry, voltammetry (and polarography), and coulometry. The names of the 
methods reflect the measured electrical property or its units. Potentiometry measures electrical 
potential (or voltage) while maintaining a constant (normally nearly zero) electrical current between 
the electrodes. Amperometry monitors electrical current (amperes). Conductometry measures 
conductance (the ability of a solution to carry an electrical current). Coulometry is a method that 
monitors the quantity of electrical charge (coulombs) that is consumed during an electrochemical 
reaction involving the analyte. 

Voltammetry is a technique in which the potential is varied in a regular manner while the 
current is monitored. Voltammetry (or amperometry) involves the investigation of the current that 
develops in an electrochemical cell as a consequence of applied potential between a working and 
auxiliary electrode pair, with the potential measured against a suitable reference electrode. 

Figure 1 is a schematic diagram of a basic electroanalytical cell In the basic cell, three 
electrodes are immersed in a container 40: a working electrode 10, an auxiliary electrode 20, and a 
reference electrode 30. The reference electrode 30 may, for example, be a Ag/AgCl double junction 
or Saturated Calomel Electrode (SCE). The working electrode 1 0, for example, may be one of 
several types, including a drop mercury electrode (DME), a hanging mercury drop electrode 
(HMDE), a mercury thin film electrodes (MTFE), or an inert electrode which may be either 
stationary or of a rotating electrode configuration (e.g., RRDE, RCE, RDE). While the 
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mercury-based electrodes offer the advantage of a surface that can be periodically 'renewed 1 to offer 
immunity to drift in electrochemical responses associated with changes in surface conditions (e.g., 
deposit build-up or smutting), inert RDE-type working electrodes with Pt, Pd, Ir, or Rh surfaces are 
most often employed in systems dedicated to plating bath analysis for convenience of system set-up, 
maintenance, and waste handling. The apparatus of Figure 1 employs an RDE-type electrode in 
which relative motion between the working electrode 1 0 and the bath is established by a motor (not 
illustrated) that rotates the working electrode 10. Electrical contact to the working electrode 10 is 
made by, for example, slip brushes or the like. Neither the processes nor the apparatus of the present 
invention are limited to a particular electrode type or electroanalytical cell configuration. 

A computer or similar control system maybe used to control an electronic potentiostat that, 
in turn, controls the energy input to the working electrode 1 0 and the reference electrode 30. Using a 
suitable program, one or more energy input sequences may be applied to the electroanalytical cell to 
obtain measurement that are used in determining the amount of a target constituent, such as a bath 
additive. 

One of the difficulties encountered when trying to determine the amount of a constituent in 
an electrochemical bath is the fact that most electrochemical baths include a variety of different 
constituents. Many of these constituents are additives that are proprietary to the particular company 
providing the electrochemical bath. These constituents/additives generally have different effects on 
the electrochemical deposition process. For example, some additives enhance electroplating while 
others act as electroplating suppressors that inhibit electroplating. It is therefore difficult to execute 
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some electroanalysis techniques that rely on the plating and/or stripping of a metal onto or from an 
electrode in determining the amount of a particular additive, such as an enhancer or suppressor in the 
electroplating bath. 

Figure 2 is a flowchart illustrating one embodiment of a method that may be used to 
determine the concentration of a target constituent/additive (these terms are used synonymously 
herein). As illustrated at step 210, an amount of the electrochemical bath is extracted from, for 
example, an apparatus that is using the bath to deposit a material onto the surface of a 
microelectronic workpiece. The electrochemical bath is comprised of at least two 
additives/constituents: X and Y . The concentration, or other measurable quantity, of at least one of 
the additives of the electrochemical bath is to be measured. For purposes of the following 
description, it will be assumed that additive/constituent X is the target constituent that is to be 
measured. As will be set forth below, the quantity of X that is measured can be used to determine 
the proper amount of X and/or other bath additives that are to be added to the electrochemical bath 
by a corresponding dosing system. 

In another step, shown here as step 215, a predetermined amount of a starting solution is 
provided. Steps 210 and 215 may be executed serially, in no particular order, or concurrently. It is 
for this reason that they are shown here as separate parallel operations. 

Generally, additive/constituent Y will have an impact on any electroanalytical measurements 
that are taken to determine the quantity of additive X that is present in the electrochemical bath. 
Additive/constituent Y may be comprised of one or more different chemicals that are purposely 
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added to the electrochemical bath and/or are bath byproducts. In order to negate the effect that 
additive/constituent Y has on subsequent electroanalytical measurements involving both the 
electrochemical bath sample and the starting solution, the starting solution is chosen so that it is 
comprised of virgin makeup solution that is saturated with the additive/constituent Y. Alternatively, 
or in addition, the amount of additive/constituent Y present in the starting solution maybe chosen so 
that the total amount of additive/constituent Y in a mixed solution that includes a predetermined 
amount of the starting solution and a predetermined amount of the electrochemical bath renders the 
effect of additive/constituent Y negligible. For example, the amount of additive/constituent Y 
present in the starting solution plus an empirically, or otherwise, determined amount of 
additive/constituent Y in the electrochemical bath renders a mixed solution that is saturated with 
additive/constituent Y. An example of a process employing this latter method of insuring saturation 
of the additive/constituent is illustrated at steps 310 through 320 of Figure 3. 

At step 220, a predetermined amount of the extracted electrochemical bath is added to a 
predetermined amount of the starting solution. An electroanalytical measurement cycle is executed 
at step 225 on the mixed solution resulting from step 220. In accordance with one embodiment of 
the illustrated method, the electroanalytical measurement cycle may comprise a voltammetric 
technique such as CVS and/or CP VS. The result of the electroanalytical measurement cycle is then 
compared with one or more measurement standards at step 230. For example, the result of the 
electroanalytical measurement cycle may be compared to data representing a graph of known 
standard solutions that have been subject to such an electroanalytical measurement cycle. 
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Alternatively, or in addition, the result of the electroanalytical measurement cycle may be used, 
either alone or with other electroanalytical measurement cycle results, in a mathematical calculation. 
This mathematical calculation, in turn, may be used alone, as the basis for comparison with known 
standard values, or in other mathematical calculations to determine the amount of 
additive/constituent X in the extracted bath sample or to determine the amount of a particular 
additive/constituent that is to be added by the corresponding dosing system. 

In accordance with one embodiment of this method, a calibration curve is derived using a 
standardized solution that is saturated with both additive/constituent X and additive/constituent Y. 
This is done so that the same volumetric change occurs independent of whether the plating bath or 
the standard solution is added. As such, the volumetric change does not have a significant effect on 
the determination of the amount of the target constituent/additive that is present in the 
electrochemical bath. 

Fig. 4 is a graph illustrating the results obtained when additive/constituent X is an 
electroplating suppressor, additive/constituent Y is an electroplating enhancer and CVS is used as the 
electroanalytical technique. As shown, the ratio of strip areas reduction is plotted along the vertical 
axis while the volume of standard solution/electroplating bath is plotted along the horizontal axis. 
Curve 405 represents the results obtained with the standard solution while curve 410 represents the 
results obtained using the extracted electroplating bath sample. In accordance with one manner of 
implementing the methods shown in Figures 2 and 3, the electroanalytical measurement cycle maybe 
conducted in the manner set forth in USSN 09/387,084, entitled "Methods and Apparatus for 
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Controlling and/or Measuring Additive Concentration in an Electroplating Bath", filed August 31, 
1999. 

Further electroanalytical measurements may be taken, if desired, as shown at step 235. For 
example, an electroanalytical measurement cycle, such as at 225, may be executed on a further 
predetermined amount of the extracted electrochemical bath and/or the starting solution. Such a 
process is exemplified by return line 240. Alternatively, or in addition, a further electroanalytical 
measurement cycle maybe executed on the same mixed solution. This option is illustrated at return 
line 245. It should be noted, however, that the analysis may be terminated without further repetition. 

The foregoing analysis techniques may be implemented in an electroanalysis unit that is 
integrated with a dosing system for use with electroplating tools that are used at microelectronic 
fabrication facilities. Most known systems, however, execute the dosing function using open-loop, 
predetermined models that replenish the electroplating bath constituents based on empirically 
determined data. Such systems may be suitable for certain electroplating processes, but become less 
viable as new device requirements impose more rigorous standards on the make-up of the 
electroplating bath. 

More accurate control of the plating bath constituents maybe obtained using a dosing system 
that employs measurement feedback to ascertain the proper quantity of a bath additives that is to be 
dispensed. An exemplary feedback dosing system that may implement the foregoing process is is 
illustrated in Figure 5. As shown, the dosing system, shown generally at 500, includes a central 
processor 505 that is used to control the operations necessary to perform the following functions: 1) 
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extract a sample of the electroplating bath that is to be analyzed; 2) execute an electroanalytical 
technique on the electroplating bath sample; 3) calculate the amount of the electroplating bath 
constituent present in the sample based on the results of the electroanalytical technique or otherwise 
derived a similarly useful indication of the effect of the constituent; and 4) use the resulting 
calculation to automatically control the supply of an amount of the constituent to replenish the 
electroplating bath, raising the constituent concentration to a predetermined level 

In order to execute such functions, the central processor 505 is connected to interact with and 
exchange information with a number of further units and systems. A bath sample extraction unit 
510 is connected for control by the central processor 505. The bath sample extraction unit 510 is 
connected to receive electroplating solution along line 520 from the principal electroplating bath 515 
in response to control signals/commands received from the central processor 105 along 
communication link 525 . In response to such control signals/commands, the bath sample extraction 
unit 510 provides the bath sample to either an electroanalytical cell 40 of electroanalysis unit 530 or 
to a titration system 535. 

Both the electroanalysis unit 530 and the titration system 535 are under the control of the 
central processor 505. The central processor 505 coordinates the activities of the electroanalysis unit 
530 and titration system 535 to execute the desired electroanalytical technique. The central 
processor 105 then acquires the requisite data based on the electroanalytical technique to directly 
calculate or otherwise determine in a relative manner the concentration of the plating bath 
constituent. Based on this calculation/determination, the central processor 505 directs one or more 
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constituent dosing supply units 540 to provide the necessary amount of the constituent (or amount of 
solution containing the constituent) to the electroplating bath 515, thus completing the feedback 
control process. 

It will be recognized that the electroanalytical apparatus and techniques described above can 
be implemented in a manual, semi-automatic, or completely automatic manner. Dosing system 5 00 
is provided as an illustrative, yet novel manner in which to implement one or more of the methods 
described above, as well as similar methods based on the teachings of the present application. 

Numerous modifications may be made to the foregoing system without departing from the 
basic teachings thereof. Although the present invention has been described in substantial detail with 
reference to one or more specific embodiments, those of skill in the art to the will recognize that 
changes may be made thereto without departing from the scope and spirit of the invention as set forth 
in the appended claims. 



